New Superconducting and Magnetic Phases Emerge on the Verge of 

Antiferromagnetism in Celn 3 
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We report the discovery of new superconducting and novel magnetic phases in Celn3 on the verge 
of antiferromagnetism (AFM) under pressure (P) through the In-nuclear quadrupole resonance 
(NQR) measurements. We have found a P-induced phase separation of AFM and paramagnetism 
(PM) without any trace for a quantum phase transition in Celn3. A new type of superconductivity 
(SC) was found in P — 2.28 — 2.5 GPa to coexist with AFM that is magnetically separated from PM 
where the heavy fermion SC takes place. We propose that the magnetic excitations such as spin- 
density fluctuations induced by the first-order magnetic phase transition might mediate attractive 
interaction to form Cooper pairs. 

PACS numbers: PACS: 74.25. Ha, 74.62.Fj, 74.70.Tx, 75.30.Kz, 76.60.Gv 



The most common kind of superconductivity (SC) is 
based on bound electron pairs coupled by deformation 
of lattice. However, SC of more subtle origins is rife 
in strongly correlated electrons systems including many 
heavy fermion (HF), cuprate and organic superconduc- 
tors. Especially, a number of studies in /-electron com- 
pounds revealed that unconventional SC arises at or close 
to the quantum phase transition, i.e. the quantum crit- 
ical point (QCP), where magnetic order disappears at 
low temperature (T) as a function of lattice density via 
application of hydrostatic pressure (P). These findings 
suggest that the mechanism forming Cooper pairs can 
be magnetic in origin. Namely, on the verge of mag- 
netic order, the magnetically soft electron liquid can 
mediate spin-dependent attractive interactions between 
the charge carriers^- The phase diagram, schemati- 
cally shown in Fig. 1(a), has been observed in antifer- 
romagnetic HF compounds such as CePcUS^Q, 0, 0, 
CelnaH S H H, and CeRh 2 Si 2 If. Remark- 
ably different behavior, schematically shown in Fig. 1(b), 
has been found in the archetypal HF superconductor 
CeCu 2 Si 2 |l MM and the more recently discov- 
ered CeRhIn^|l3l Il4j. Although an analogous behavior 
relevant with a magnetic QCP has been demonstrated 
in both the compounds, it is noteworthy that the associ- 
ated superconducting region extends to higher densities 
than in the other compounds, their value of T c reaching 
its maximum away from the verge of antiferromagnetism 
(AFM)[Tol FLU ]. Most interestingly, the recent nuclear 
quadrupole resonance (NQR) studies have unraveled that 
AFM and SC coexist microscopically and its SC does not 
yield any trace of line-node gap opening in the low-lying 
excitations below T c characteristic for the HF supercon- 
ductors reported thus far0 G3 El 

However, the un- 
derlying mechanism of HF SC and its relation to AFM 
are under debate and hence more systematic experiments 



are highly required. 

In this paper, we report a new superconducting phase 
emerging on the verge of the AFM in Celn3 via the 115 In- 
NQR measurements under P and at low temperatures, 
the most powerful tool for the study of both AFM and 
SC. We have deepened the understanding of the physical 
properties on the verge of AFM in Celn3 that exhibits the 
archetypal phase diagram shown in Fig. 1(a). We show in 
Fig. 1(c) the P - T rich phase diagram in Celn3 around 
critical P(P C ) determined from the present experiments. 
The phase separation of AFM and PM is evidenced in 
Celn3 from the observation of two kinds of NQR spectra 
in P = 2.28 - 2.50 GPa. Nevertheless, it is highlighted 
that the SC in Celn3 occurs in both the phases at P = 
2.43 GPa, where the maximum value of T™ ax = 230 
mK is observed for SC in PM and most remarkably, the 
SC coexisting with AFM emerges below T c = 190 mK. 
Present results indicate the occurence of the first-order 
phase transition from SC coexisting with AFM to SC in 
HF state around P c without antiferromagnetic QCP. 

Celn3 forms in the cubic AuCu3 structure and or- 
ders antiferromagnetically below the Neel temperature 
Tjv = 10.2KatP = with an ordering vector Q = 
(1/2,1/2,1/2) and Ce magnetic moment Ms ~ 0.5/is 
which were probed by NQR measurements [T^ and the re- 
cent neutron diffraction experiment on single crystals [Tsj. 
respectively. The resistivity measurements of Celn3 have 
clarified the P - T phase diagram of AFM and SC: T N 
decreases with increasing P and on the verge of AFM, SC 
emerges in a narrow P range of about 0.5 GPa, exhibit- 
ing a maximum value of T c ~ 0.2 K around a P c = 2.5 
GPa where AFM disappearsHHHHU. A non-Fermi- 
liquid behavior was suggested from the T 3 / 2 dependence 
in resistivity deviated from the conventional T 2 depen- 
dence in a quite narrow P range around P c . Then, it was 
inferred that the magnetically soft electron liquid can 
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mediate spin dependent attractive interactions between 
the charge carriers in Celn 3 0, 13, El IE US In the previ- 
ous papers 0,113, El, we reported systematic change in 
magnetic character via the measurements of nuclear-spin- 
lattice-relaxation rate 1/Tj through 115 In NQR under P: 
The localized magnetic character is robust up to P =1.9 
GPa. A characteristic temperature T*, below which the 
system crosses over to an itinerant magnetic regime, in- 
creases dramatically with further increasing P. As a 
result, the measurements of 1/Ti and ac-susceptibility 
(Xac) at P = 2.65 GPa down to T = 50 mK provided 
first evidence for unconventional SC at T c = 95 mK in 
Celn3 , which occurs at the HF state fully established be- 
low Tfl = 5 K[ill. 

High quality single crystals of Celn3 were grown by 
the Czochralski method and moderately crushed into 
grains in order to make rf pulses penetrate into sam- 
ples easily. To avoid crystal distortions, however, the 
size of the grains is kept with diameters larger than 100 
fim. A small piece of Celn3 cut from the same batch 
used in the present work exhibited the zero resistance in 
P = 2.2 — 2.8 GPa 5], which is in good agreement with 
the previous reports|2, 0, The NQR spectrum was 
obtained by plotting a spin-echo intensity as a function 
of frequency. The NQR T\ was measured by the con- 
ventional saturation-recovery method in T = 0.05 — 70 
K and P = 2.17 - 2.65 GPa. The 2v Q (±3/2 <-> ±5/2) 
and Ivq (±1/2 <-> ±3/2) transitions were used for the T\ 
measurement above and below T = 1.4 K, respectively. 
The high frequency Xac was measured by using an in-situ 
NQR coil [lj| . Hydrostatic pressure was applied by uti- 
lizing a NiCrAl-BcCu piston-cylinder cell, filled with Si- 
based organic liquid as a pressure-transmitting medium. 
To calibrate the value of pressure at low temperatures, 
the shift in T c of Sn metal under P was measured by 
the conventional four terminal resistivity measurement. 
In this experimental condition, the possible P distribu- 
tion is estimated to be less than 3% from a broadening 
in the linewidth in NQR spectrum. To reach a lowest 
temperature of 50 mK, a 3 He- 4 He dilution refrigerator 
was used. 

Figure. 2 shows the NQR spectra of Ivq transition 
for the PM at (a) : P = 2.37 GPa and for tempera- 
tures lower than T N and T c at (b) : P = 2.37 GPa, (c) 
: P = 2.43 GPa and (d) : P = 2.50 GPa. Note that 
the Ivq transition can sensitively probe the appearance 
of internal field associated with even tiny Ce ordered mo- 
ments on the verge of AFM. As a matter of fact, as seen 
in Figs. 2(a) and 2(b), a drastic change in the NQR 
spectral shape is observed due to the occurrence of in- 
ternal field at the In nuclei below Tjv- By contrast, the 
spectra at (c): P = 2.43 GPa and (d): P = 2.50 GPa 
include two kinds of spectra arising from AFM and PM, 
providing microscopic, firm evidence for the emergence of 
magnetic phase separation. The volume fraction of AFM 
at T =100 mK at each pressures is plotted as a function 
of P as seen in Fig. 3(a) (solid triangles). It should be 
noted that, as shown in Fig. 1(c), the phase separations 



at P = 2.28 and 2.37 GPa are observed only between T = 
3 K and T N = 5.2 K and between T=1K and T N = 4.9 
K, respectively. 

Figure. 3(b) shows the T dependence of Xac for Celn3 
under various values of P. Even though the magnetic 
phase separation takes place as shaded in Fig. 1(c), a clear 
decrease in Xac points to a bulk nature of superconduct- 
ing transitions in P = 2.28 — 2.65 GPa. It is, however, 
noteworthy that there is no indication of SC down to T 
= 30 mK at P — 2.17 GPa where any magnetic phase 
separation is not observed at all against P and T. When 
taking into account the fact that the value of T c reaches 
a maximum at P = 2.43 GPa where the volume frac- 
tion of AFM and PM remains comparable, it is expected 
that the SC coexisting with AFM occurs only in the P 
region where AFM and PM are separated. From the 
results of P dependence of NQR spectrum and x ac , it 
is strongly suggested that AFM and SC coexist in the 
shaded region in Fig. 3(a). Also, our results suggest that 
a first-order transition from the coexistent phase of SC 
and AFM (shaded area in Fig. 3(a)) to the SC phase with 
paramagnetic background (area marked with SC(PM) in 
Fig. 3(a)). 

The coexistence of AFM and SC is corroborated by a 
direct evidence from the T dependence of \jT\T that can 
probe the low-lying excitations due to quasiparticles in 
SC and magnetic excitations in AFM. Fig. 4 shows the 
drastic evolution in the P and T dependencies of \jT\T 
for AFM (solid symbols) and PM (open symbols) at P 
= 2.17, 2.28, 2.43 and 2.50 GPa. Here T N is determined 
from the temperature below which the NQR intensity for 
PM decreases due to the emergence of AFM associated 
with the magnetic phase separation. The T\ for AFM 
and PM is separately measured at respective NQR peaks 
which are clearly distinguished from each other as shown 
in Figs. 2(b)-2(d). Thus, the respective T C AFM and T PM 
for AFM and PM are determined from the temperature 
below which \jT{T decreases markedly due to the SC 
gap opening. These results demonstrate that AFM and 
SC coexist in P = 2.28 - 2.50 GPa. 

In the PM at P = 2 A3 and 2.50 GPa, a l/T x T = 
const, relation is valid below Tfl ~ 3.2 K and ~ 3.5 K, 
respectively, indicative of the Fermi-liquid state realized. 
This result is in good agreement with the previous re- 
sistivity measurement that confirmed the T 2 dependence 
in resistance^]. Note that the 1/Tt for SC in PM at 
P = 2.50 GPa follows a T 3 dependence below T c =190 
mK, consistent with the line- node gap model character- 
istic for unconventional HF SC. 

As shown in Fig. 4(a), no phase separation occurs be- 
low T N = 5.5 K at P = 2.17 GPa and the l/T t T = const, 
behavior is observed well below Tjv as well as the result 
observed at P = o|l7|. The T dependence of l/T x T at 
P = 2.28 GPa resembles the behavior for P = 2.17 GPa 
above T ~ 1 K. However, at P = 2.28 GPa, the phase 
separation of AFM and PM occurs in the small T win- 
dow between Tn — 5.2 K and 3 K. In contrast to the 
X/T-iT = const, behavior well below T N at P = 2.17 
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GPa, the l/T x T at P = 2.28 GPa continues to increase 
upon cooling below exceeding the values around Tjy 
in spite of antiferromagnetic spin polarization being in- 
duced. These results suggest that the occurrence of the 
magnetic phase separation is closely related to the onset 
of SC, yielding the large enhancement in the low-lying 
magnetic excitations for AFM. This feature is also seen 
for AFM at P = 2.43 GPa where l/T x T is larger than the 
value for PM as shown in Fig. 4(b). It is still unknown 
why such low-lying magnetic excitations continue to be 
enhanced well below T^. Some spin-density fluctuations 
may be responsible for this feature associated with the 
phase separation of AFM and PM. In this context,CeIn3 
is not in a magnetically soft electron liquid stateQ, but 
instead, the relevant magnetic excitations such as spin- 
density fluctuations induced by the first-order transition 
from AFM to PM might mediate attractive interaction. 
Whatever its pairing mechanism is at P = 2.28 GPa 
where AFM is realized over the whole sample below T — 
3 K, the clear decrease in \/T\T and Xac provide con- 
vincing evidence for the coexistence of AFM and SC in 
Celn 3 at P = 2.28 GPa. 

Further evidence for the new type of SC coexisting with 
AFM was from the results at P = 2.43 GPa as indicated 
in Fig. 4(b). At temperatures lower than the respec- 
tive values of T C PM = 230 mK and T^ FM = 190 mK for 
PM and AFM, unexpectedly, the magnitude of \jT x T = 
const, coincides with one another, nevertheless both the 
phases are magnetically separated and the value of T c 
differs. This means that the low-lying excitations may 
be the same in origin for the SC coexisting with AFM 
and SC in PM. How does this case happen? It may be 
possible that both the phases are in a dynamically sep- 
arated regime with time scales smaller than the inverse 
of NQR frequency so as to make each superconducting 
phase for AFM and PM uniform. In this context, the 
observed magnetically separated phases and the relevant 
SC coexisting with AFM may belong to new phases of 



matter. 

In conclusion, through the extensive 115 In-NQR mea- 
surements at low temperatures under hydrostatic pres- 
sure, we have provided evidences for the phase separation 
of AFM and PM (shaded area in Fig. 1(c)) and new type 
of SC coexisting with AFM near P c in Celn3. It has been 
found that the highest value of T c = 230 mK in Celn3 
is observed for PM at P — 2.43 GPa where the volume 
fraction of AFM and PM becomes almost the same. The 
present experiments have revealed that the new type of 
SC coexisting with AFM is mediated by a novel pairing 
interaction relevant with the magnetic phase separation. 
We propose that the magnetic excitations such as spin- 
density fluctuations induced by the first-order magnetic 
phase transition might mediate attractive interaction to 
form Cooper pairs in Celn3- indeed a new type of pair- 
ing mechanism. We believe that the present result will 
be a clue to understand the mechanism of SC in strongly 
correlated electron systems. 
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FIG. 1: Schematic phase diagrams of HF compounds: (a) for 
CePd 2 Si 2 0, [IJSLlJ CelnsSlllllilll and CeRh 2 Si 2 [lll]: (b) 
for CeCu 2 Si2SMIIlIll and CeRhIn 5 [H Q . Dotted and 
solid lines indicate P dependence of Tn and T c , respectively. 
(c)The P - T phase diagram of Celn3 determined from the 
present experiment. The P and T ranges where the phase 
separation of AFM and PM occurs is shaded in the figure. 



FIG. 4: The T dependence of 116 (l/TiT) in Celn 3 at P = 2.17 
and 2.28 GPa (a), 2.43 GPa (b) and 2.50 GPa (c). Open and 
solid symbols indicate the data for PM and AFM measured 
at ~ 9.8 MHz and ~ 8.2 MHz, respectively. The solid arrow 
indicates the respective superconducting transition temper- 
ature T C PM and T C AFM for PM and AFM. The dotted and 
dashed arrows indicate, respectively, the Tjv and the charac- 
teristic temperature Tfl below which the T\T =const. law 
(dotted line) is valid, characteristic for the Fermi-liquid state. 



FIG. 2: The P dependence of 115 In NQR spectrum for Celn 3 
at P = 2.37 GPa above T N (a) and P = 2.37 GPa (b), 2.43 
GPa (c) and 2.50 GPa (d) at temperatures lower than the Tn 
and T c . The dotted line indicates a peak position at which 
the NQR spectrum is observed for PM. 



FIG. 3: (a) The P dependence of the volume fraction of 
AFM (solid triangle) and SC in PM(open circle). The vol- 
ume fraction of AFM is evaluated from the integration of 
the NQR spectrum over the frequency at T — 100 mK at 
each pressures. The superconducting volume fraction at each 
pressure is estimated from comparing the value of Xac at a 
lowest temperature for Celn3 with that for the HF supercon- 
ductor Celrln 5 [2l|]. The phase separation of AFM and PM 
takes place in P — 2.28 — 2.50 GPa. Note that SC coexists 
with AFM in shaded region, (b) The T dependence of \ ac in 
P = 2.17 — 2.65 GPa. The solid arrow indicates the onset T c 
of SC. 



(a) 




(b) 


I, 

s x N 

S 

\ 






\ 

\ 

S 

s 




Non-Fermi liquid 

T 

'n 


\ 

\ 

\ 


Fermi 


\ 

\ 


liquid 


s 

s 


\ 

\ 

Antiferromagnetic \ 

(Ah) metal t 
\ 


SC 


AFM+SC 
AF \ / J 
metal c 


\ 
\ 

i_ 







8 



■(c) 
6... 



PM 



Celn. 



4- 



FL 



N 



PM \ 
+AFM 1 



2- AFM 



^ Fermi liquid 



0.4- 



0.2 - 



0.0 



SC(AFM) 
71 



' r 

I 



SC(PM) 



J ■ A i 




2.1 2.2 2.3 2.4 2.5 2.6 2.7 

Pressure (GPa) 




8 



Celn 3 

P=2.37GPa 
7=5.3 K 
(above 7 N ) 



P=2.37GPa 

r=80mK 
(below 7 N , 7 C ) 



P=2.43GPa 
7 = 100 mK 
(below T N ,T C ) 



▲ A 



P=2.50GPa 
7= 100 mK 
(below 7 N , 7 C ) 



9 10 11 

Frequency (MHz) 



12 



(a) 



1.0 



8 



CD 



5 



o.o 



I 1 I 1 I 1 I 1 I 1 

AAA 


o c\_ ___ -o 


- AFM 


i SC(PM) - 








AFM + SC A \ 

"S, 




i i i i A 



2.2 



2.3 2.4 2.5 2.6 

Pressure (GPa) 



2.7 



(b) 



0.0 - 



^ -0.5 - 



-1.0 - 




• 2.1 7 GPa 

o 2.28 GPa -I 

■ 2.37 GPa 

□ 2.43 GPa 

a 2.50 GPa 

a 2.65 GPa 



0.0 



0.1 0.2 0.3 

Temperature (K) 



(a) , t 



t — r 



AFM 



150- 




2.28 GPa 
o PM 
• AFM 







A 2.17 GPa 



i i 1 1 1 1 1 — i i i 1 1 1 1 1 — i i i 1 1 1 1 1 — i i i 1 1 



(b) 



T 



AFM 



T 



PM 



2.43 GPa 
□ PM 
■ AFM 



150- 



□ 







B " CP 

-1-ionQ 

i i 1 1 1 1| 1 — i i i 1 1 1 1| 




(C) 



150 - 



T 



PM j 



T 



2.50 GPa 
O PM 
♦ AFM 



N 



FL 







i i 




o 



0.1 



1 



10 



Temperature (K) 



